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INTRODUCTION
Cleavage and polyadenylation specificity factor (CPSF) is a key protein complex for polyadenylation. It contains six subunits, including CPSF30, Wdr33 (plant homologue FY), Fip1, CPSF73, CPSF100 and CPSF160 (Shi et al., 2009; Sch€ onemann et al., 2014; Michalski and Steiniger, 2015) . CPSF30 and Wdr33 bind to the AAUAAA poly(A) signal (Thomas et al., 2012; Chan et al., 2014; Sch€ onemann et al., 2014) and CPSF73 performs the cleavage function for poly (A) tail synthesis (Mandel et al., 2006) . CPSF100, a key component of the CPSF complex, resides at the center of the CPSF protein-protein interaction network , and it was found to be associated with coiled bodies (Schul et al., 1996) . CPSF100 was also reported to be required for enzymatic activity of CPSF73 (Kolev et al., 2008) , and its C-terminus is required for core cleavage complex formation in Drosophila (Michalski and Steiniger, 2015) . These results suggest that CPSF100 is crucial for assembly of the CPSF complex, consistent with the findings in plants (Zhao et al., 2009) . CPSF100 contains two metallo-b-lactamase (MBL) domains, two b-CASP domains and a hydrophilic segment in the C-terminus (Callebaut et al., 2002; Dominski et al., 2005; Mandel et al., 2006; Kolev et al., 2008) . It shares amino acid homology with CPSF73. However, CPSF100 is catalytically inactive and was not found to bind with metal atoms (Mandel et al., 2006; Kolev et al., 2008) .
The biological function of CPSF100, however, is largely unknown. In Drosophila, RNA interference (RNAi) depletion of CPSF100 resulted in read-through transcriptions (Michalski and Steiniger, 2015) . Knock-down of CPSF100 also changed the length of the 3 0 untranslated region (UTR), but the main poly(A) profile was not significantly changed . Interestingly, depletion of CPSF100 increased abundance of the antisense transcripts upstream of the transcription start site . In plants, CPSF100 is essential, and T-DNA insertion on CPSF100 causes lethality (Tzafrir et al., 2004) . However, hypomorphic point mutation on CPSF100 promoted plant flowering by switching poly(A) site usage of FCA (Herr et al., 2006) . This mutation also enhanced gene silencing and triggered transcriptional read-through (Herr et al., 2006) .
Thus far, these biological observations have not been explained by the molecular mechanisms that may underlie the functions of CPSF100. Therefore, we chose Arabidopsis as a model for addressing this problem. Using a poly(A) tags sequencing (PAT-seq) method, the effect of CPSF100 on gene expression profiling, particularly the 3 0 -ends, was investigated. A brief flowchart of the experimental design and data processing is shown in Figure S1 in the Supporting Information. Our results showed that CPSF100 adjusts gene expression via APA and boosts its effects by coordinating alternative polyadenylation (APA) of binding proteins. Importantly, our data suggest a multiplex role for CPSF100 in precisely positioning polyadenylation and transcription termination.
RESULTS

AtCPSF100 modulates plant development and disease resistance
The genetic function of CPSF100 was first studied by using mutants in Arabidopsis. As shown in Figure S2 (a), a T-DNA insertion mutant of AtCPSF100, emb1265, was found to be homozygous lethal (Tzafrir et al., 2004) . We also observed that premature abortion of embryos happened at the pre-globular stage in heterozygotic emb1265 mutant plants (Figures 1a and S2b) . Moreover, a hypomorphic homozygotic point mutation (G12E) on the N-terminus of AtCPSF100, esp5, was reported to promote flowering and enhance gene silencing in Arabidopsis (Herr et al., 2006) . This mutant also significantly reduced seed number per silique (seedpod), but slightly increased average seed weight (Figure 1a-c) . Inoculation by the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 revealed that esp5 was very sensitive to bacterial infection (Figure 1d ). The defective AtCPSF100 also distinctly changed root hair morphology and primary root length (Figure 1e, f) . These results strongly suggest the involvement of this polyadenylation factor in different pathways to determine plant phenotypes.
As a core protein of the CPSF complex participates in the co-transcriptional processing, AtCPSF100 should be a nuclear protein. To test this, we fused AtCPSF100 to green fluorescent protein (GFP) and found it to be localized in the nucleus ( Figure S3a ). AtCPSF100 was also found to interact strongly with the C-terminal domain (CTD) of RNA polymerase II ( Figure S3b ) and with cleavage factors AtCPSF73-I and AtCPSF73-II (Xu et al., 2006) . Domain interaction studies proved that AtCPSF100 and AtCPSF73s interacted at the C-terminus ( Figure S4 ). These results indicated the important role of AtCPSF100 in mRNA biogenesis.
Defective AtCPSF100 leads to global APA profile change
The PAT-seq technology specifically interrogates the junction sequences between the 3 0 UTR and poly(A) of mRNA (f) Primary root length (n = 27). **P < 0.01. (Hoque et al., 2013; Ma et al., 2014b; Liu et al., 2015) . The protocol was successfully used for genome-wide 3 0 -end mapping and poly(A) signal definition in plants (Wu et al., 2011; Thomas et al., 2012; Liu et al., 2014; Ma et al., 2014b; Fu et al., 2016) . Herein, we employed this method to evaluate the role of AtCPSF100 in APA. The mapped poly(A) tags (PATs) within 24 nucleotides (nt) were grouped into one poly(A) cluster (PAC), which represents a cleavage site (known as the poly(A) site) with microheterogeneity in plants (Wu et al., 2011) . The DESeq software package was employed to compare the expression of each PAC and generate an adjusted P-value (padj) for statistical analysis. A PAC with padj < 0.05 was designated as a differentially expressed poly(A) cluster (DE-PAC). The expressed DE-PACs were calculated by filtering out non-expressed DE-PACs (PAT read = 0) in each sample. As shown in Figure 2(a) , the results indicate that expressed DE-PACs residing in the 3 0 UTR and intergenic regions were significantly reduced but were increased in esp5, reflecting a shift of poly(A) sites from proximal to distal locations (relative to the 5 0 UTR). Meanwhile, PAT reads in the 3 0 UTR were significantly reduced in esp5, coupled with dramatically increased poly(A) sites in the intergenic regions within those expressed DE-PACs in each sample (Figure 2b ). An example is shown in Figure 2 (c). The poly(A) profile of At1G54380, which controls the spliceosomal small nuclear ribonucleoprotein (snRNP) core assembly (Schlaen et al., 2015) , was shifted from the 3 0 UTR to the intergenic region.
These results suggest that the poly(A) profiles of genes have been shifted in the mutant, even though the total PAC and PAT distributions largely remain the same ( Figure S5 ).
AtCPSF100 coordinates APA
DE-PAC was designed to uncover genes having a different poly(A) site usage or expression level. Thus, genes with DE-PACs were classified as APA genes, including those using the same site but expressed differentially when compared between esp5 and CK (the marker transgenic plant, with construct amp311, designated as check or 'CK'). Differential expression analysis showed that 1385 genes containing DE-PACs were significantly upregulated or downregulated in esp5 (Figure 3a) . While DE-PAC classification is based on the difference in poly(A) clusters of a gene between two different samples, a DE gene, on the other hand, is one that has different expression levels between two samples (found by summing up the gene's PAT reads). We found that the expression levels of full-length isoforms of 507 genes were significantly affected by the esp5 mutation (Figure 3a) . Importantly, 78.5% of these genes (398) also contained DE-PACs. Thus, APA of these 398 genes was highly related to the variation of their gene expression levels.
To further understand these 1385 genes, we divided them into three groups: only DE-PAC genes (Group I), both DE-PAC and DE genes (Group II) and only DE genes (Group III). Gene Ontology (GO) analysis was then performed on these groups of genes at the main 'biological process' GO level (Figure 3b ). Results showed that Group I was significantly enriched (false discovery rate < 0.05) in 18 terms, including 'cellular process', 'developmental process' or 'immune system process'. Genes in Group II were also significantly enriched in seven GO terms, including 'response to stimulus' and 'immune system process'. However, genes in Group III were only significantly enriched in two GO terms: 'cellular process' and 'cellular component organization'. These results suggest that AtCPSF100 extends its effect on APA over several groups of genes. The role of AtCPSF100 for APA of an array of genes with certain specificities reflects the phenotypes of eps5 in stimulus and immunity responses. However, its role in adjusting gene expression is general, which means it does not focus on any specific gene groups.
As mentioned above, esp5 is much more sensitive to bacterial infection ( Figure 1d ). To further examine if APA is involved in defense, we focused on the main defense genes. For example, pathogenesis-related genes PR1 and PR5 had a significant shift in their poly(A) profile, resulting in the inhibition of proximal poly(A) choice while promoting the distal poly(A) site choice (Figure 3c, d ). Interestingly, PR1 was clustered as a DE-PAC gene but not a DE gene, while PR5 was clustered as both a DE-PAC gene and a DE gene (Figure 3d ). The mutation of AtCPSF100 does not change the gene expression level of PR1, but changed the gene expression level of PR5. This finding implies that AtCPSF100 coordinates APA and expression of a subset of genes leading to certain phenotypes. 
AtCPSF100 affects far-upstream poly(A) signal recognition
Recognition of poly(A) signals by protein factors is a crucial step for polyadenylation (Xing and Li, 2011; Elkon et al., 2013; Tian and Manley, 2013) . Therefore, to examine if AtCPSF100 has an impact on poly(A) site usage and poly (A) signal recognition, we tallied the nucleotide usage around poly(A) sites of those transcripts either up-or downregulated in esp5 by using a previously described protocol (Wu et al., 2011; Thomas et al., 2012) . Normally, plants only contain 10% AAUAAA poly(A) signal in the near-upstream element (NUE; designated as the À35 to À10 nt region, as shown in Figure 4a ) on the left of the cleavage site (position 0 in Figure 4a ) (Wu et al., 2011) . The NUE signal profile did not change in esp5 (Figure 4a , Table S1 ), and the NUE signal was still dominated by A-rich sequences, implying that this poly(A) factor did not participate in NUE signal recognition.
However, nucleotide usage of the far-upstream element (FUE; designated as the À80 to À250 nt region, as shown in Figure 4a ) exhibited a U-to-G shift between up-and downregulated PACs. The U usage in FUE of upregulated PACs was much higher than that in downregulated PACs, especially in significantly upregulated PACs. We found that U usage was much higher than the other three nucleotides in esp5 in contrast to previous reports (Shen et al., 2008; Xing and Li, 2011) . This indicated that AtCPSF100 preferred to promote the expression of less U-rich FUE signal genes because the mutation helped to strengthen U-rich FUE signal choices. In plants, FUE controls a range of poly(A) sites, while there is a NUE for each site (Li and Hunt, 1995) . This is particularly seen with the PAT-seq results where a PAC could be an equivalent of a FUE-controlled 'poly(A) site cluster'. In this sense, the role of AtCPSF100 should be understood as a poly(A) factor that coordinates FUE signal selection.
Furthermore, GO enrichment of the DE-PAC genes at the molecular level was conducted on the AgriGO website to understand their patterns. The result provided a long and complicated list of GO terms. It was reported that the REVIGO tool could summarize the enriched terms list and provide non-redundant GO term relationships (Supek et al., 2011) . Thus, we employed REVIGO to simplify the enriched result and identify the enrichment patterns (Figure 4b) . Coincidently, the term poly(U) RNA-binding can be found in the enriched network. Combined with the results shown in Figure 4 (a), AtCPSF100 could influence the use of the FUE signal by further coordinating the APA of poly(U)-binding proteins.
AtCPSF100 boosts its effect by inducing APA of nucleotide-binding protein genes
The results so far have shown that AtCPSF100 displayed roles in polyadenylation and adjusting gene expression (a) Single nucleotide profiles of up-and downregulated genes in esp5, indicating the impact of AtCPSF100 on far-upstream element (FUE) signal selections. The significant up/down is filtered by an adjusted P-value < 0.05. Gene numbers for each category are: total up, 6593; significant up, 957; total down, 15 758; significant down, 558. The positions of the FUE and near-upstream element (NUE) are marked by black rectangles. (b) The interactive GO terms at the molecular function level. X?Y indicates that X is a Y. GO terms are numbered beside the circle. Red numbers highlight the terms that are enriched at significant level (P < 0.05). 1, poly(U) RNA-binding; 2, translation factor activity, RNA-binding; 3, translation initiation factor activity; 4, single-strand 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, ( Figures 2 and 3) . GO enrichment also showed that 'nucleotide binding' is the hub of a GO enrichment interactive network and is significantly enriched (Figure 4b ). Terms associated with translation ('translation factor activity with RNA binding' and 'translation initiation factor activity') were also hubs of this interactive network, indicating that AtCPSF100 also affects translation. These results imply that AtCPSF100 exerts its molecular functions through APA of other binding proteins.
To understand how the effect of AtCPSF100 is achieved, we used the flowering time control phenotype as a model since Herr et al. (2006) reported that esp5 induced early flowering and decreased the expression level of b-FCA (a flowering time control gene). Interestingly, we found that the poly(A) profile of FPA, another flowering time pathway gene (Schomburg et al., 2001; B€ aurle et al., 2007) , was also changed significantly ( Figure 5a ). Usage of the proximal poly(A) site (PA1) at the first intron was significantly reduced in esp5. However, usage of the distal poly (A) site (PA3) was dramatically upregulated. The quantitative (q)RT-PCR experiments also confirmed this significant switching (Figure 5b) . The FPA and FCA proteins were well known to play an important role in RNAmediated chromatin silencing (B€ aurle et al., 2007) . These two RNA-binding proteins target the expression of transposon AtMu1 and retroelement AtSN1 to control production of siRNAs by modifying their methylation levels, consequently leading to target gene silencing. As esp5 was identified as an enhanced gene silencing mutant (Herr et al., 2006) , APA-induced upregulation of FPA should affect the methylation of AtMu1 and AtSN1 and then regulate gene silencing in esp5. To test this, bisulfate sequencing was employed to survey the methylation level of these two loci. The results showed that the methylation of AtSN1 was slightly increased, but the methylation of AtMu1 was sharply decreased in esp5 (Figure 5c ). With this, we found that three types of methylation (CG, CNG and CHH) were decreased in AtMu1 and increased in AtSN1 ( Figure S6 ). We concluded that the remodeled methylation of transposons or retroelements caused a change in the siRNA (c) DNA methylation levels of AtSN1 and AtMu1. Clone numbers are n (CK AtSN1) = 11, n (esp5 AtSN1) = 7, n (CK AtMu1) = 20, n (esp5 AtMu1) = 17. (CK, is the marker transgenic plant, with construct amp311.) (d) The ratio of PAT/poly(A) cluster (PAC) calculated on the basis of adjusted P-value < 0.05 significantly changed in different regions in esp5, particularly in the intergenic areas. **P < 0.01 between CK and esp5. (e) Plot of the intergenic PATs with their distance (in bp) to the 3 0 untranslated region (UTR). Most of the intergenic PACs were upregulated in esp5, especially near the 3 0 UTR. 'Distance' is between the intergenic PAC coordinate and 3 0 UTR end coordinate. Significant PACs (adjusted P-value < 0.05) were selected for plotting. n = 545, n (distance < 2 kb) = 456. [Colour figure can be viewed at wileyonlinelibrary.com].
profile in the cell, leading to enhanced gene silencing. A scenario where a methylation profile change causes gene silencing has been reported before (Zilberman et al., 2003; Baulcombe, 2004; Underwood and Martienssen, 2015) . FPA and FCA were also found to participate in polyadenylation (Hornyik et al., 2010; Sonmez et al., 2011) . Thus, AtCPSF100 exerts at least some of its effect by adjusting the APA of RNA-binding protein genes and the expression of other genes post-transcriptionally.
AtCPSF100 limits transcriptional read-through
It was demonstrated that FPA and FCA limit intergenic transcription (Sonmez et al., 2011) . We also found the intergenic PACs are affected by AtCPSF100 (Figure 2) . Furthermore, PAC expression was calculated by the ratio of PAT/PAC. As shown in Figure 5(d) , the expression of PACs was significantly suppressed in most of the proximal PACs (3 0 UTRs, exons and introns) in the mutant. However, the expression of intergenic PACs was significantly upregulated. AtCPSF100 had been proven to depress readthrough on some genes (Herr et al., 2006) . Thus, our results suggest that AtCPSF100 may have a global effect on depressing transcriptional read-through. In other words, AtCPSF100 plays a role in limiting intergenic poly(A) site choices.
To determine how far defective AtCPSF100 reads through the transcripts in esp5, the distance of intergenic PACs to annotated 3 0 UTRs was calculated and plotted with their expression levels ( Figure 5e ). Apparently, a higher expression level of most intergenic PACs could be observed. More than 90% of intergenic PACs are within 2000 bp downstream of the end of a 3 0 UTR. This implies that the impact of this defective AtCPSF100 on readthrough may be limited within the 2000-bp window.
AtCPSF100 adjusts Ser2 phosphorylation of Pol II and affects transcription termination
Next, we asked how AtCPSF100 could induce readthrough. Since polyadenylation processing is coupled with transcription termination (Birse et al., 1998) , we thus hypothesized that the read-through in esp5 was caused by prolonged elongation (delayed termination). As AtCPSF100 also interacts with the CTD of Pol II ( Figure S3 ), it is possible that AtCPSF100 modifies the activity of Pol II and affects transcription termination. Phosphorylation of the CTD is crucial for transcription because it helps to recruit protein factors to the CTD and functions in RNA processing, such as polyadenylation or termination (Svejstrup, 2012; Grzechnik et al., 2015) . Ser2 of the CTD on Pol II is an important marker indicating transcription elongation and termination (Chinchilla et al., 2012; Svejstrup, 2012; Grzechnik et al., 2015; Porrua and Libri, 2015) where the phosphorylation state of Ser2 is sharply reduced after poly (A) sites. It should be noted that yeast poly(A) factor PCF11 (plant homologue of PCFS4) can orchestrate transcription termination by modifying the phosphorylation state of Ser2 on the CTD of Pol II (Grzechnik et al., 2015) . Therefore, we asked if AtCPSF100 could also change the phosphorylation state of Ser2 on the CTD of Pol II. Interestingly, we found that the expression levels and APA profiles of the genes responsible for Pol II phosphorylation did not change significantly in esp5. Only the transcription of the dephosphorylation gene CPL3 was significantly suppressed at the main poly(A) site in esp5 (Figure 6a, b) . Moreover, when detected by Western blot, the Ser2 phosphorylation status of the CTD of Pol II was maintained at a higher level (about 2.5-fold) in esp5 compared with CK (Figures 6c and S7a ; where the internal loading control actin remains the same). In addition, we found that the heterozygous mutant of AtCPSF100, emb1265, also maintained a higher level (about 1.5-fold) of phosphorylation on Ser2 of Pol II than its control (Col-0) ( Figure S7b, c) . Taken together, these results suggest that AtCPSF100 is essential for maintaining a suitable expression level for the dephosphorylation gene CPL3 to modulate the phosphorylation of Ser2 on the CTD, thus restricting transcription termination.
DISCUSSION
CPSF100 plays a role in poly(A) signal choices
It has been demonstrated that APA regulates gene expression (Xing and Li, 2011) to stipulate development (Xu et al., 2006; Zhang et al., 2008; Xing et al., 2013; Liu et al., 2014; Ma et al., 2014a) , disease resistance (Bruggeman et al., 2014) and abiotic stress tolerance (Zhang et al., 2008; Liu et al., 2014) in plants. Our findings in this study are consistent with these biological functions of APA induced by defective poly(A) factors. CPSF100 has been reported as a poly(A) factor that functions in histone RNA cleavage (Kolev et al., 2008) and depression of read-through (Michalski and Steiniger, 2015) . However, the molecular mechanism of this poly(A) factor that participates in APA remained elusive. Therefore, using the PAT-seq protocol, we found that AtCPSF100 does coordinate APA and affects gene expression (Figure 3) . While AtCPSF100 does not participate in NUE poly(A) signal selection (Table S1 ), the U-rich FUE signals are prevalent when it is mutated in esp5 (Figure 4a ). However, no evidence supports the ability of CPSF100 to directly bind RNA. Since CPSF100 lacks the putative zinc-binding residues for catalysis (Mandel et al., 2006; Kolev et al., 2008) , the role of AtCPSF100 in FUE signal usage is still unknown and is, therefore, a future research topic. However, AtCPSF100 regulates the APA of poly(U) RNA-binding genes (Figure 4b ), which indicates that AtCPSF100 may influence poly(A) signal usage indirectly.
AtCPSF100 and gene silencing
In this study we found that the poly(A) profile of FPA was significantly shifted in esp5 (Figure 5a ). FPA is an RNAbinding protein that participates in 3 0 -end formation and targets a large number of transcripts (B€ aurle et al., 2007; Hornyik et al., 2010; Sonmez et al., 2011) . Thus, the poly(A) profile of genes targeted by FPA should also be changed in esp5. In addition, FPA also determines the methylation of its targets and manipulates gene expression by an RNAmediated chromatin silencing pathway (B€ aurle et al., 2007) . Our findings (Figure 5c ) are consistent with these results. Since enhanced gene silencing was observed in esp5 (Herr et al., 2006) , we can deduce that this phenomenon may partially result from APA of FPA in the mutant. Hence, we propose that gene silencing is a secondary effect triggered by APA of this RNA-binding protein. Moreover, read-through transcripts have the chance to form double-stranded RNA Dicer or Dicer-like (DCL) substrates (Borsani et al., 2005) . This provides another pathway to drive gene silencing in esp5.
CPSF100 plays multiple roles in RNA biogenesis
Based on our results and previous studies (Kolev et al., 2008; Zhao et al., 2009) , CPSF100 plays an important role in the polyadenylation process of protein-coding genes. It was found that about 78.5% of DE genes overlapped with DE-PAC genes (Figure 3a) . This shows that CPSF100 regulates global gene expression by APA. AtCPSF100 modifies the APA of genes for RNA-binding proteins and triggers further secondary effects, such as gene silencing (Figures 4b and 5) or producing antisense RNA that binds to the upstream of the transcription start site to trigger gene silencing (Herr et al., 2006; B€ aurle et al., 2007) . However, the lack of RNA-binding ability by AtCPSF100 (Mandel et al., 2006; Kolev et al., 2008) made its working mechanism unclear. So far, we can conclude that AtCPSF100 has effects on gene expression when partially disrupted.
Since CPSF100 is associated with coiled bodies it should function in RNA biogenesis (Schul et al., 1996) . CPSF100 was reported to interact with transcription initiation factors that are possibly involved in transcription initiation in eukaryotic cells (Dantonel et al., 1997; Wang et al., 2010; Andersen et al., 2013) . RNA splicing subunit U2 snRNP is stably associated with CPSF100, and some splicing factors can be co-pulled down with CPSF100 (Kyburz et al., 2006; Pandya-Jones, 2011) . We also reported that the poly(A) profile of a spliceosome snRNP assembly factor was shifted significantly (Figure 2c) . These indicate that CPSF100 may also participate in mRNA splicing. In this study, we showed that CPSF100 adjusts the Ser2 phosphorylation level of Pol II indirectly by controlling the APA or expression level of the Pol II dephosphorylation gene CPL3 (Figures 6c and S7a ). This could result in prolonged or delayed transcription termination (Chinchilla et al., 2012; Svejstrup, 2012) . This role also suggests its function in regulating RNA biogenesis.
CPSF100 was found to interact with THOC5, a transcript export factor, and was recruited to the target of THOC5 (Tran et al., 2014) . This strongly implicated a role for CPSF100 in export of RNA from the nucleus. Moreover, CPSF100 can be co-localized with CPSF30 in the cytoplasm and is present in P-bodies (Rao et al., 2009) , which are foci for mRNA storage or degradation (Eulalio et al., 2007; Parker and Sheth, 2007; Kulkarni et al., 2010) . Therefore, a probable role of CPSF100 in mRNA degradation can also be proposed.
Taken together, CPSF100, a polyadenylation factor, might span transcription initiation, elongation, termination, mRNA processing, export and degradation. In recent years, mRNA processing was proposed to take the form of a circular network among all processing events (Haimovich et al., 2013) . Consistently, our findings of the role for CPSF100 in transcription termination recapitulates this new perspective.
EXPERIMENTAL PROCEDURES Materials and phenotype assays
Plant materials used in this study were Arabidopsis thaliana (L.) Heynh. mutant emb1265 (in ecotype Col-0 background) and its wild-type line Col-0 (CS60000) (Tzafrir et al., 2004) ; esp5-1 (designated as esp5 in this study, in ecotype C24 background) and its marker transgenic plant [with construct amp311, designated as CK (check) in this study, also in ecotype C24 background] (Herr et al., 2006) . CK is a transgenic line that caused a photobleaching silencing phenotype. It was used to generate the enhanced silencing point mutant, esp5, by mutating seeds with ethyl-methanesulfonate (Herr et al., 2006) . These plants were grown under 22°C, 16-h light/8-h dark cycles. For root length analysis, plants were grown on 0.8% agar plates containing 1/2 MS salts and 1% sucrose for 10 days. For bacterial-resistance assays, Pseudomonas syringae pv. tomato DC3000 (Pst) was grown on Luria-Bertani medium for 48 h. Then OD 600 was adjusted to 0.2 with distilled water. The infection was conducted by plant dipping inoculation (Yao et al., 2013) . Leaf disks were harvested after 72 h for the bacterial growth study. Each sample had three replicates.
Gene localization assay and yeast two-hybrid assay DNA constructs were as described previously Kang et al., 2009) . The constructs were transformed into Col-0 and selected with 50 mg L À1 hygromycin on 1/2 MS medium with 0.8% agar. The root tips of homozygous transgenic plants were used for subcellular localization as described previously (Rao et al., 2009) . For the interaction studies of AtCPSF100 and phosphorylated or unphosphorylated CTD of Pol II, the yeast two-hybrid assay was carried out accordingly (Xu et al., 2006; Xing et al., 2013) . Proteins with native coding sequences from wild-type Col-0 were used for the interaction study. Original vectors were used as a negative control and pGAD-SNF1/pGBD-SNF4 as positive controls. For the interaction study of AtCPSF100 and AtCPSF73s, deletion mutations were designed to uncover their interaction.
PAT-seq
Leaves of 2-week-old seedlings were harvested, total RNA was extracted by TRIZOL reagent (Invitrogen, https://www.thermofishe r.com) and DNA was removed by DNaseI (New England Biolabs, https://www.neb.com). Each plant line had three replicates. Two micrograms of total RNA were fragmented by buffer [10 mM ZnCl 2 in 10 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, pH 7.0] for 4 min, and the poly(A) RNA was enriched by oligo(dT) 25 beads (New England Biolabs). Enriched poly(A) RNA tags were used for PAT-seq library construction following the method described previously (Liu et al., 2015) . The 200-500 bp library fragments were purified and sequenced on an Illumina HiSeq 2000 platform by the single-end 100-bp sequencing method at Novogene Corporation (https://en.novogene.com).
Bioinformatics analysis
Raw sequence data was processed through quality control, adaptor and poly(A) tail trimming and then mapped to the Arabidopsis TAIR10 genome by CLC Genomics Workbench 6.0.1 software (http://www.clcbio.com) with default parameters. The mapped data were used to determine PATs and PACs as previously described (Wu et al., 2011) . The DESeq package was used for normalizing reads and calling differential expression PACs or genes (Anders and Huber, 2010) . Significant expression was cut off by padj < 0.05. Expressed DE-PACs in each sample were calculated to uncover the poly(A) profile shift. The gene expression level was calculated by summing up the tags of the full-length transcripts. Venn diagrams were generated by Venny 2.0 (Oliveros and Venny, 2007) . Gene Ontology enrichment was clustered by AgriGO and REVIGO (Du et al., 2010; Supek et al., 2011) . The REVIGO result was edited in Cytoscape (Cline et al., 2007) .
Quantitative PCR and DNA methylation assays Total RNA (2 lg) was reverse-transcribed with oligo(dT)18 primer by SuperScript II (Invitrogen) into cDNA. The products were diluted 20 times for qPCR. The primers used are listed in Table S2 . For methylation tests, DNA was treated with bisulfate following the manual of the EZ DNA Methylation TM Kit (ZYMO, http://www.zy moresearch.com). The target sequences were amplified and ligated to pGEM T-easy vector (Promega, https://www.promega.com). Colonies were picked for Sanger sequencing, and the sequencing data were analyzed by KisMeth Software (Gruntman et al., 2008) .
Western blot analysis
Total protein was extracted from 2-week-old seedlings by RIPA buffer [10 mM TRIS-Cl, pH 8.0; 1 mM EDTA; 0.5 mM EGTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 140 mM NaCl; 1 mM phenylmethylsulfonyl fluoride (PMSF)] (Dryer and Covey, 2006) . The protein concentration of each sample was measured by the Bradford method and adjusted to the same level for each lane before loading. Ab5095 Ser2 (Abcam, http://www.abcam.com) and A01050 b-actin (Abbkine, http://www.abbkine.com) antibodies were used to detect CTD of Pol II and as a loading control, respectively. For Ser2 phosphorylation blotting, proteins were loaded on a SDS-PAGE gel by a dilution series as shown in Figures 6(c) and S7. Each blot has two repeats. The bands were quantified by ImageJ software. The ratios of band intensities were calculated by esp5/CK of CTD and actin, and are shown under the blot figure  (Figures 6c and S7 ).
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